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@ A method and apparatus are disclosed for 
closed-loop phase modulation, intensity de- 
modulation, control, and estimation of the 
non-reciprocal phase shift induced in a rotation 
sensing interferometer with a reciprocal phase 
nrK>dulator (18) near one end of a dosed light 
path. A bias nrK>d(^ation signal and a feedbadc 
modulation signal are generated, the two sig- 
nals are sununed to fonn a summed signal 
which is applied to the phase modulator (18), 
the intensity interference signal is demodulated 
to generate a Sagnac phase estimate signal and 
bias nrKKlulation gain error estimate signal, the 
phase modulator (18) is corrected for gain vari- 
ation, and the Sagnac phase estimate signal is 
extracted to provide an estimate of inerlial rota- 
tion of the dosed light path. The wavefonn of 
the bias modulation signal consists of a sequ- 
ence of periodic step transitions between two or 
more signal levels, each with a duration of 
preferably 2To. where Tj, Is the time required for 
light to travel once around the dosed optical 
path of the interferometer. The difference be- 
tween any two adjacent levels corresponds to a 
phase differenoe of approximately ir /2 radians. 
Transitions from one level to another introduce 
instantaneous non-redprocal pliase shifts at 
the photodetector of the interferometer of - 
ZtrlZ, -^/2, +ir/2, or +3^/2 radians. The step 
transition frequency of the bias nfH)dulation sig- 
nal is chosen so as not to fall on even har- 
monics of the proper frequency fp = 1/2To. The 
feedback modulation signal can consist of any 
periodic amplitude modulated square wave with 
spectral firequency components at harmonics of 
the bias modulation step transition firequency. 
The spectral power of the feedback modulation 



signal must be distributed across frequendes 
other than even hannonics of the proper fre- 
quency fp. 
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METHOD AND APPARATUS FOR INTERFEROMETRIC ROTATION SENSOR PHASE MODULATION, 

INTENSITY DEMODULATION, AND CONTROL 



The invention relates generally to optical 
waveguide rotation sensors, and especially to 
apparatus and methods of measuring the rotation-in- 
duced phase shift t>etween light waves counter- 
propagating in the closed path of a Sagnac 
interferometer to detenmlne rate of rotation. 

An optical interferometer used for rotation sens- 
ing and measurement generally comprises a coherent 
source of light, a dosed optical path, means for cou- 
pling light from the source into and out of the closed 
path, and means for detecting and processing the 
optical interference signal coming from the closed 
path. 

There are tno types of disturi>anc6s in an optical 
path that can give rise to phase shifts in light waves 
traveling in opposite directions around a closed opti- 
cal path : reciprocal and non-reciprocal. A reciprocal 
disturbance is one that affects either light wave in a 
similar manner despite the fact that the two waves are 
traveling in different directions and may be subjected 
to the disturbance at different tinges. A non-recipnscal 
disturbance affects the two waves differently, either 
because it occurs over a time interval comparable to 
the time it takes a wave to travel around the closed 
path» or because the effect it has on a wave depends 
on the direction of propagation of the wave around the 
closed path. 

The Sagnac effect, a relatlvlstic physical 
phenomenon, Is a non-reciprocal effect in whidi the 
rotation of a dosed optical path causes light waves 
propagating in opposite directions along the path to 
take different amounts of time to complete a transit of 
the dosed path. This difference in transit time results 
in a phase difference between the two lightwaves pro- 
portional to rotation rate. When the beams are recom- 
bined on a photodetector, they give rise to an 
interference pattern which is a function of the non- 
reciprocal phase shift. Measurement of the phase dif- 
ference is a measure of the rate of rotation of the 
optical path. 

If 4s denotes the Sagnac phase difference be- 
tween the recombined counterpropagating light 
beams, the intensity of light due to the interfering 
beams varies as cos(^. When the phase difference 
IS dose to zero, the cosine function varies only slightly 
with changes in phase difference. In addition, it is 
impossible to detennine the sign of the phase shift 
from the intensity variation. In order to increase the 
sensitivity of detection, it is advantageous to Introduce 
artifcially an added fixed phase shift or 'bias' to shift 
to a point of operafx)n on the cosine curve where the 
rate of change of intensity with respect to 4. is greater. 
In particular, maximum sensitivity and linearity of res- 
ponse are achieved by introducing a non-reciprocal 



phase bias such as n/2 radians. At this point, the light 
intensity is proportional to cos((^t id2) = sin(4s}. The 
periodic nature of the cosine function results in an 
equivalent maxtoum sensitivity and linearity of res- 

5 ponse (apart from algebraic sign) at any odd integral 
multiple of plus or minus id2. 

It has proven difficult to a construct a device for 
introducing a non-reciprocal phase bias which is suf- 
ficiently stable. However, non-reciprocal phase shifts 

10 may be temporarily induced by a reciprocal phase 
modulator placed near one end of the optical circuit. 

A phase modulator device can be based, for 
example, on the change in refractive index with 
applied voltage in an electro-optic crystal forming part 

IS of the closed optical path of the interferometer. If the 
phase modulator Is placed near one end of the fiber 
con, application of a voltage to the modulator pro- 
duces a modulation of the phase of one of the coun- 
terpropagating waves entering the loop that is not 

20 experienced by the other until it has traveled all the 
way around the coO. The second wave experiences a 
phase modulation which is delayed by the lenght of 
time required for light to propagate around the coil, a 
time given by 

25 To = nL^c, 

where n is the index of refraction of the fiber material, 
L is the lenght of the fiber coil, and c Is the speed of 
light in vacuum. If V(t) is a time-varying signal applied 
to the phase nK)dulator, the phase difference between 

30 the counterpropagating light waves is proportional to 
V(t>-V(t-TQ). In this way a phase bias can be produced 
which sets the operating point of the interferometer. 

If there is a rotation of the fiber coll, a phase shift 
^, will be added to the phase bias due to the non-redp- 

35 rocal nature of the Sagnac effect Although it is poss- 
ible to use the output signal of the photodetector to 
estinr^ate the rotation directly, it is preferable to use a 
•nulling" or 'zeroing' method and to estimate the rota- 
tion from a feedback nrtodulation signal, in order to 

40 avoid linearity errors resulting from the intensity inter- 
ference function. The idea is to generate a feedback 
nrnxlulation signal which introduces a non-reciprocal 
phase shift In the optical drcuit whteh is equal in mag- 
nitude but opposite in sign to the rotationally-induced 

45 phase shift, thereby "nulling' or "zeroing" the variation 
of the intensity signal. Application of the feedback 
modulatk>n signal to the phase modulator produces a 
phase difference between the counterpropagating 
waves which is continuously equal and opposite in 

50 sign compared to the phase shift induced by the rota- 
tion of the dosed optical path. A method such as this 
in which there Is a dosed feedback loop is often refer- 
red to as a 'dosed-loop" method. 

One method of closed-loop feedback, generally 
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known as the "serrodyne method." makes use of a 
feedback modulation signal which is a reciprocal 
phase ramp having a slope proportional to ^Jxo, 
where ^ is a constant rotationally-induced phase shift 
and To is the tinrte taken for a light wave to travel 
around the dosed light path of the interferometer in 
the absence of any rotatton. A bias modulation signal 
consists of a voltage square-wave having an ampli- 
tude which Induces a phase shift of plus or minus n/2 
radians and a frequency equal to 1/2to. Since the 
reciprocal phase ramp signal cannot Increase indefi- 
nitely, the senrodyne method actually generates a 
sawtooth feedback wavefonfn with a peak-to*peak 
amplitude of 2^ radians, with the 2n phase transition 
effecUvety resetting the operating point of the inter- 
ferometer to an equivalent position on the intensity 
interference curve relating output signal to Input 
phase difference. 

(J. S. Patent No. 4,705,399 to Graindorge et a), 
entitled "Device for Measuring a Non-reciprocal 
Phase Shift Produced In a closed-Loop Interferome- 
ter," discloses a serrodyne phase modulation method 
in which a digital phase ramp in the fbmi of a stair- 
case-shaped voltage feedback signal Is combined 
with a bias modulation signal of the type described 
above. The digital staircase signal consists of a sequ- 
ence of voltage steps, each of duration to, to the 
phase modulator. In general, the amplitude of each 
step change is calculated to provide a non-reciprocal 
phase shift of plus or minus id2 radians minus a Sag- 
nac phase estimate. The Intensity output of the inter- 
ferometer is demodulated at the bias modulation 
frequency, namely 1/2to. 

The resulting signal is proportional to the residual 
Sagnac phase shift It is this signal that a dosed-loop 
controller wOl act to "null" or "zero". To avoid problems 
with voltage saturation, the modulation steps are 
occasbnally required to "roll over" in the phase bias 
resetting operation described above. The step voltage 
to the phase modulator is adjusted to provide an 
additbnal phase shift of plus or minus 2n radians to 
keep the voltage to the phase modulator in a reason- 
able operating range. Additional demodulation logic 
may be employed during these roli-overs to detennine 
the emor in estimated phase modulator gain. Through 
subsequent roll-overs, the estimated phase mod- 
ulator gain enor may be nulled. The phase modulator 
gain is the proportionality constant relating the phase 
induced by the phase modulator in response to a 
given value of input voltage. This secondary loop con- 
trol, as it is formally known, provkles additional scale 
factorstabiity to the sensor. The scale factor for a do- 
sed-loop rotation sensing interferometer is pro- 
portional to the product of the Sagnac scale factor and 
the phase modulator gain. The Sagnac scale factor Is 
the constant of proportionality between rate of rotation 
and the Sagnac phase shift 

Another phase modulation method which can be 



used Is direct digital feedback, which is also a dosed- 
loop method. Such a method is disdosed in U. S. 

5 Patent Application Serial No. 031 ,323, entitled "Rota- 
tion Rate Nulling Servo and Method for Fiber-optic 
Rotation Sensor," byJim Steele, filed March 27, 1987, 
and assigned to the assignee of the present inventk>n. 
The application by Steele is hereby incorporated by 

10 reference in the present applicatton. 

The Steele application disdoses a direct digital 
feedback circuit which operates by alternately preset- 
ting the voltage drive on the phase modulator to zero 
and waiting for at least one transit time Tq for the 

15 applied phase to go reciprocal, then switching the 
phase modulator voltage to a level corresponding to 
a non-redprocal phase shift which is the difference 
between a reference (-3?i/2, -7i/2, -t-3n/2 radians) and 
the Sagnac phase estimate. The resulting intensity 

20 signal is gated and observed for one transit time t;, 
immediately following the setting of the reference volt- 
age. The process is repeated in a predetermined 
sequence of reference levels and the results are pro- 
cessed to continuously develop a Sagnac phase estK 

25 mate and a phase modulator gain estimate 
(secondary contrd) with which to adjust the 
amplitudes of the voltages to the phase modulator. 

The major disadvantages of digital serrodyne 
methods are hardware complexity and cost In the 

30 case of short (less than 200 m) fiber lenght coils. The 
digital senrodyne method requires high effective pro- 
cessing rates (1/tb Hz) in order to generate the feed- 
back terms, calculate roll-over, and drive the phase 
modulator. In addition, the use of shorter-length fiber 

35 coQs begins to necessitate multiple D/A converters for 
modulation, since typical state-of-the-art D/A conver- 
ters have inadequate settling times. Direct digital 
feedback may be implemented in short-Ienght fiber 
coils in a hardware-efficient manner ; however, the 

40 direct digital feedback method is susceptible to bias 
errors due to phase shifts In the detection circuitry and 
intensify modulation effects in the phase modulator. 

The invention is Defined in the Appended Clainrts 

45 

A method and apparatus are disclosed fordosed- 
ioop phase modulation, intensity demodulation, con- 
trol, and estimation of the non-redprocal phase shift 
induced in a rotation sensing interferometer with a 
50 reciprocal phase modulator near one end of the 
closed light path. 

In a preferred embodiment, the method com- 
prises generating a bias oKXiulation signal, generat- 
ing a feedback modulation signal, summing the bias 
55 modulation and feedback modulation signals to fom 
a suRuned modulatbn signal, and applying the sum- 
med modulation signal to the phase modulation 
means in the dosed optical path of the interferometer: 
demodulating the intensity Interference signal; 
generating a Sagnac phase estimate signal ; conrect- 



50 
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ing for gain variation In the phase nK)dulation means; 
and extracting the Sagnac phase estimate signal to 
provide an estimate of inertial rotation of the closed s 
light path. 

In a preferred embodiment, apparatus for closed- 
loop phase modulation, intensity demodulation, and 
control of a Sagnac interferometer comprises means 
for producing a bias modulation signal, means for pro- 10 
dudng a feedback modulation signal, means for sum- 
ming the bias modulation signal and the feedback 
modulation signal to produce a summed modulation 
signal, means lor applying the summed modulation 
signal to the phase nKxIulation means, means for 19 
denxKiulating the intensity interference signal, first 
servo means for generating a Sagnac phase estimate 
signal, second ser/o means for connecting for gain 
variation in the phase modulation means, and means 
for extracting the Sagnac phase estimate signal to 20 
provide an estimate of inertial rotation of the closed 
light path. 

Preferably, the bias PDoduiation signal consists of 
a sequence of penodicstep traansitions between two 
or more signal levels. The duratton of time spent on 25 
each signal level is designated t^. For proper oper- 
afk)n, the bias modulation step transition frequency, 
defined as f© » {toY^t must not fall on even harmonics 
of the proper frequent, defined asfp « (2To)*^ where 
To is the time required for light to travel once around $0 
the closed optical path of the interferometer. That is, 

fo5fe2Kfp,whereK = 0,1,2, ... 
The voltage difference beWveen any two adjacent 
levels w2l correspond to a phase difference of 
approximately n/2 radians. Transitions from one level 35 
to another introduce instantaneous non-reciprocal 
phase shifts at the photodetector of -3n/2. i-n/2, 
or ♦3]c/2 radians. 

The feedback nuxjulation signal can consist of 
any periodic amplitude-modulated square wave with 40 
specbBi components at hanmonlcs of the bias modu- 
lation step transition frequency. The spectral power of 
the feedback modulation signal must be disbibuted 
across frequencies other than even harmonics of the 
proper frequency fp. The feedback frequencies are 4S 
given by 

fpn = nfo, where n = 1, 2, 3, ... 
An embodinf)ent of the invention will now be des- 
cribed by way of example with reference to the accom- 
panying drawings, in which : so 
RG. 1 is a schematic block diagram of the phase 
modulatton, intensity demodulation, and control 
apparatus of the inventton connected to an inter- 
ferometric fiber-optic rotation-sensing inter- 
ferometer ; 55 
RG. 2 is a more detailed schematic block diag- 
ram of the phase modulatk>n. Intensity demodu- 
lation, and control apparatus shows in FIG. 1 ; 
RGS. 3a, 3b and 3c show a schematic diagram 
of a firet portion of an electrical circuit represent* 



ing one possible embodiment of the digital refer* 
ence signal generator 72 diagrammed In FIG. 2 ; 
FIGS. 4a and 4b show a schematic diagram of a 
second portion of an electrical circuit represent- 
ing one possible embodiment of the digital refer- 
ence signal generator 72 diagrammed in FIG. 2 ; 
FIGS. 5a, 6b, and 5c show a schematic diagram 
of a third portion of an electrical circuit represent- 
ing one possible embodiment of the digital refer- 
ence signal generator 72 diagrammed in FIG. 2 ; 
FIGS. 6a, 6b, and 6c show a schemafic diagram 
of an electrical circuit representing a possible 
analog embodiment of the reference signal 
source 78, the reference summing junction 80, 
the bias modulator 54, the feedback modulator 
62, the reference summing junction 70, as well as 
the third and fourth signal modification means 86 
and 100 diagrammed in FIG. 2 ; 
FIGS. 7a and 7b show a schematic diagram of an 
electrical circuit representing a possible embodi- 
ment of photodetector 20, signal modificatton 30, 
dennodulators 38 and 40, as well as servo control- 
lers 44 and 48 as diagrammed in FIG. 2 ; 
FIG. 8a Is a graph of a typical bias modulatk>n sig- 
nal ; FIG. 8b is a graph of the non-reciprocal 
phase shift induced by the bias modulatbn signal 
of FIG. 8a ; FIG. 8c is a graph of the feekback 
modulation signal ; RG. 8d is a graph of the non* 
reciprocal phase shift induced by the sum of the 
bias and modulation feedback signals shown in 
FIGS. 8a and 8c, respectively ; 
FIG. 9 is a graph of an example of alternative bias 
modulation waveform with a transition between 
two voltage levels ; 

FIG. 10 is a graph of tiiree examples of an alter- 
native bias nrK)dulation wavelbnns with transi- 
tions between four signal levels ; 
FIG. 11 isagraphof ttiemagnitudeof tiietaBnsfer 
function (non-reciprocal phase output against sig- 
nal frequency input) for a reciprocal phase mod- 
ulator placed near one end of a closed optical 
path in a rotation-sensing interferometer ; 
FIG. 12a is a graph of a prefenred feedback modu- 
lation waveform ; FIG. 12b is a graph of four 
acceptable alternative feedback modulation 
waveforms ; 

FIG. 13a is a graph of the Interferometric transfer 
function for a small positive constant Sagnac 
phase and open-loop operatton with non modu- 
lation ; FIG. 13b is a graph of the interferometric 
tBnsfer function for the same Sagnac phase and 
open-loop operation with bias modulation only ; 
FIG. 13c is a graph showing that bias and feed- 
back modulation cause the open-loop intensify 
operating points to shift ; the intensity operating 
points in FIGS. 13a-c are designated by small 
open circles ; feedback nrK>duIati*on causes ttie in- 
tensify operating points to shift to those desig- 
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nated by closed circles ; 

FIGS. 14 are graphs detafling timing aspects of 
the bias and feedback modulation waveforms of s 
FIG. 8 for constant Sagnac phase ; FIG. 14a is a 
graph of non-reciprocal phase shift Induced by 
Sagnac phase and bias modulation only, versus 
time ; FIG. 14b is a graph of the intensity output 
resulting from the phase shifts of FIG. 14a ; RG. io 
14c Is a graph of the Sagnac phase demodulation 
signal used to extract Sagnac phase infonmatlon; 
R6. 14d Is a giaph of non-reciprocal phase shifts 
with bias and feedback modulation. 
FIG. 15a is a graph of the interferometric transfer is 
function showing the intensity operating points 
(designated by small open circles) for a nulled 
Sagnac phase and positive bias modulation gain 
error ; FIG. 15b is a graph of the interferometric 
transfer function showing that correction of the 20 
bias modulation enror will cause the Intensity 
operating points to shift ; and 
FIGS. 16a through 16e are graphs detailing tim- 
ing aspects of the bias modulation waveform of 
FIG. 8 for a positive bias modulation gain error ; 25 
FIG. 16a is a graph of a bias modulation sequ- 
ence with bias modulation gain error ; FIG. 16b Is 
a graph of non-reciprocal phase shifts Induced by 
the bias modulation sequence of FIG. 16a with 
gain error ; FIG. 16c is a graph of the Intensity out- ao 
put resulting from the phase shifts of FIG. 16b ; 
FIG. 16d is a graph of the demodulation signal 
which may be used to extract the bias modulation 
gain error ; FIG. 16e Is a graph of bias modulation 
correctad for phase modulator gain error by 3S 
adjustment of the difference between the bias 
modulation signal levels using the gain error ext- 
racted from the demodulation signal of FIG. 16d. 
FIG. 1 Is a schematic block diagram of a phase 
modulation, intensity demodulation, and control 40 
apparatus 10 in accordance with the present inven> 
tion. The Invention provides a unique method of ext- 
racting the Sagnac phase Information in a rotating 
fit>er-optlc coll with a reciprocal phase modulator 
placed In the optical circuit near one end of the sens- 45 
Ing coil. 

In FIG. 1 the apparatus 10 is shown operating in 
conjunction witti a fiber-coil sensing arrangement 
which comprises a coherent light source 12, a 3-dB fi- 
ber-optic directional coupler 14, a multi-turn fiber-op- 50 
tic ooa 16, a phase modulator 18 near one end of coii 
16. a photodetector 20, and a preamplifier 21. 
Additional components such as a polarizer or second 
fiber-optic coupler may be employed in an actual 
sensing anrangement, but are omitted in the schema- 55 
tic Illustration of RG. 1. 

The light output from coherent light source 12 
travels along a length of optical fiber 22 to 3-dB direc- 
tional fiber coupler 14. A second length of fiber 24 con- 
nects directional coupler 14 with photodetector 20. 
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Optical power is introduced into one end of the fiber 
22 from coherent source 12 and travels tiirough the 
fiber until It Is split by 3-dB coupler 14 and sent In 
opposite directions around the dosed patii of fiber-op- 
tic multi-turn coil 16. One of the beams passes 
through the phase modulator 1 8 upon entering the coil 
and the other upon exiting. The beams recombine at 
coupler 14 and half of the optical power is routed to 
photodetector 20, where a beam Interference paltem 
Is electrically observed. 

Referring to FIG. 2, which Is a more detailed 
schematic block diagram of the phase-modulation, in- 
tensity demodulation, and control apparatus shown In 
FIG. 1, various functional component blocks may be 
seen, Afirst signal modification means 30 operates on 
a photodetector electrical signal 32 to produce a mod- 
ified output signal which goes to fast Inputs 34 and 36 
of a first demodulation means 38 and a second 
demodulation means 40, respectively. Rrst demodu- 
lation means 38 extracts a phase ser^o error signal 
from its Input signal and sends the phase servo error 
signal through a first output 42 to a first servo control- 
ler means 44. Second demodulation means 40 ext- 
racts a bias modulation gain servo error signal from its 
Input signal and sends the ptiase modulator gain 
servo error signal through a first output 46 to a second 
servo controller means 46. Rrst servo controller 
means 44 produces a phase estimate signal at an out- 
put 50. A phase nrKxiuiation gain adjustment signal 
appears at an output 52 of second servo controller 
means 48. 

A bias modulation means 54 for producing a bias 
modulation signal has a first input 56, a second input 
58, and an output 60. A feedback modulation means 
62 for producing a feedback nKxiulation signal has a 
first input 64, a second input 66, and an output 68. A 
nKxiulation summing junction means 70 sums a bias 
modulation signal on output 60 and a feedback modu- 
lation signal on output 68. A digital reference signal 
generation means 72 modulates feedback signal 64 
and bias signal 56. Afirst demodulation reference sig- 
nal is sent to second input 74 of first demodulation 
means 38 and a second demodulatbn reference sig- 
nal to a second input 76 of the second demodulation 
means 40. A first nKxiulation reference signal is sent 
to second input 58 of bias modulation means 54 and 
a second modulation reference signal is sent to sec- 
ond input 66 of feedback modulation means 62. 

A reference signal source means 78 for produc- 
ing a gain reference signal has an output connected 
to one input of a reference summing Junction means 
80. The output 52 of second servo controller means 
48 is connected to a second input of reference sum- 
ming junction means 80. A summed signal at an out- 
put 82 of reference summing junction means 80 is fed 
into input 56 of bias nK>dulation means 54 and into a 
second signal nK)dHying means 84. 

First servo controller means 44 for input to feed- 
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back modulation means 62 has an input connected to 
output 42 of first demodulator nf>eans 38 and an output 
50 connected to an input of a third signal modifying 5 
means 86. Second servo controller means 48 for input 
to bias modulation means 54 has an input connected 
to output 46 of second demodulator nneans 40 and an 
output 52 connected to reference summing junction 
means 80. An inverting means 87 inverts the output io 
signal from second signal modifying means 84. 

A phase modulator gain compensation means 88 
for multiplying has rirst and second inputs 90 and 92 
connected to outputs of inverting means 87 and third 
signal modifying means 86, respectively , and an out- is 
put 94. The output signal at 94 is a measure of the 
rotation rate of the fiber coil 16 of the Sagnac inter- 
ferometer to which phase nxxlulation apparatus 10 is 
connected. 

Modulation summing junction means 70 for sunv 20 
ming first and second input signals sums output 60 of 
bias modulation means 54 and output 68 of feedback 
modulation means 62 to produce a suntmed modu- 
lation signal at an output 98. The summed modulation 
signalfirom nrKxlulation summing junction means 70 at 25 
output 98 is fed to a fourth signal modification means 
1 00 for producing a modified summed modulation sig- 
nal at an output 102 connected to an input of phase 
modulation means 18. 

First signal modification means 30 may include 30 
means for amplifying, buffering, or analog-to-digitat 
conversk>n of intensity interference electrical signal 
32. Fourth signal modificatton means 100 may include 
means for amplifying, buffering, or digital-to-analog 
conversion of the summed modulation signal from 35 
output 102. Second signal modifying means 84 may 
include amplifying, filtering, and/or signal compensat- 
ing means. Third signal nxxJifying means 66 may also 
include amplifying, filtering, and/or signal compensat- 
ing means. Signal compensation means might effect 40 
compensation of the signal for temperature, vibration, 
and/or other environmental conditions. 

Reference summing junction means 80 and 
nfKxJulation summing junction means 70 may each 
comprise a summing amplifier, an analog equivalent 45 
of a summing amplifier, or may comprise digital elec- 
tronic circuitry. First and second servo controller 
means 44 and 48 comprise analog or digital elec- 
tronice. 

Digital reference signal generator means 72 may so 
comprise a counternsequenced memory. First demod- 
ulation means 38 and second demodulation means 
40, which remove the phase servo error and bias 
modulation gain servo enror, respectively, from a car- 
rier signal may comprise analog switching deniodu- ss 
lation electronics, such as a switched RC-storage 
network, or the digital electronic equivalent thereof. 

Bias modulation means 54 may comprise chop- 
per circuitry or any analog equivalent providing mul- 
tistate voltage transitions, or may be Implemented 



digitally. Feedback modulation means 68 may com- 
prise chopper circuitry or any analog equivalent pro- 
vkling an amplitude-modulated voltage square wave, 
or may be implemented in digital circuitry. 

FIGS. 3, 4, and 5 are schematic diagrams of first, 
second, and third portions of an elecbical circuit rep- 
resenting one possible embodiment of the digital 
reference signal generator 72 diagrammed in FIG. 2. 
The function of the digital reference signal generator 
72 is to provide the timing and test patterns for bias 
and feedback modulation and primary and secondary 
loop switching command. 

Implementation and Operation 

One of the practical advantages that ensues from 
the nK)dulation method of the invention is that the four 
signal levels encompassing the bias modulation 
wavefonm, the square^ave feedback wavefonm, and 
the demodulation switching may be readily implemen- 
ted using a few analog switches and a digital refer- 
ence signal generator 72. The bias modulation 
wavefomn, fbr example, can be easily constructed 
from the outputs of three switches referenced to the 
same voltage level ; the feedback modulation is easily 
constructed by using a switch to chop ttie DO feed- 
back term. The control loops may t>e closed in either 
an analog or a digital fashion. 

Reference Signal Generator 

A counter sequenced memory may be used to 
develop all switchlngsignals for generation of tiie bias 
modulation, feedback modulation, intensify gating, 
and demodulation signals. The bias modulatkin may 
be developed by simultaneously switching in and out 
combinations of three equivalent precisbn electrical 
currents at intervals of 2to. Since the currents are not 
necessarily identical, the counter sequenced memoiy 
could be programmed to commutate the currents 
through all tiieir permutations fertile bias modulation 
wavefonm. The feedback modulation would be 
developed by switching the feedback voltage in and 
out at intervals of To. 

Modulation 

The phase modulation method of the invention is 
a closed-loop method which employs a periodic bias 
modulation signal of predetermined shape and an am- 
plitude-modulated square-wave feedback modulation 
signal which are summed prior to being applied to the 
phase modulator. FIG. 8a shows a typical bias modu- 
lation signal waveform. The non-reciprocal phase 
shift induced by the bias modulation of FIG. 8a is 
shown in FIG. 8b. FIG. 8c shows the feedback modu- 
lation signal waveform. The non-reciprocal phase 
shift induced by tiie sum of the bias and modulation 
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feedback signals shown in FIGS. 8a and 8c. respect- 
ively, is shown in FIG. 8d. 

The bias modulation signal consists of a series of 5 
step voltage levels, each with a duration of preferably 
2v This series of step levels can, for example, 
assume any one of four voltage values. The voltage 
difference between any two adjacent levels will conre- 
spond to a phase difference of roughly nI2 radians. io 
Transitions from level to level introduce instan- 
taneous non-reciprocal phase shifts at the photo- 
detector of -3ic/2, ■f«/2. or +3«^ radians. 

Additionat constraints on the modulation sequ- 
ence may be exercised. Transitions between levels is 
which introduce phase shifts of plus or minus n 
radians may be avoided in order to desensitize the 
demodulation processing to phase shifts in the detec- 
tion circuitry. 

FIG. 9 Is a graph of an example of a bias modu- 20 
lation wavefomn with a transition between two signal 
levels. Many variations of the bias modulation 
wavefomn may be achieved when there are several 
levels. For example, three different four-level bias 
modulation wavefonms are displayed in FIG. 10. A 2S 
given bias modulation waveform may be Inverted to 
produce an acceptable variation. Also, other varia- 
tions may be generated by the repetition of certain 
cycles of transition from level to level, as shown In 
FIG. 10. 30 

The feedback modulation is an amplitude-modu- 
lated square wave with amplitude proportional to the 
Sagnac phase estimate. The period of this feedback 
modulation square wave is equal to the duration of the 
bias modulation step ; the leading edge of the feed- 3$ 
back square wave will always correspond to the bias 
modulation level transition. 



FIG. 13a illustrates the interferometric transfer 
functk>n for a small positive constant Sagnac phase 
and open-loop operation with no nnxlulatton. FIG. 13b 
shows the same interferometric transfer functk>n with 
bias modulation only. The Intensity operating points 
are designated by small open circles. In FIG. 13c the 
open-loop intensity operating points are seen to shift 
as a result of bias and feedback modulation. 

The detailed timing aspects of the bias and feed- 
back nrK>dulation wavefonms of FIG. 8 for constant 
Sagnac phase are illustrated In FIGS. 14a through 
14d. RG. 14a shows the non-reciprocal phase shift 
induced by Sagnac phase and bias modulation only, 
versus time. FIG. 14b shows the Intensity output 
resulting from the phase shifts of FIG.14a. FIG. 14c 
shows the Sagnac phase demodulation signal used to 
extract Sagnac phase infomnation. FIG. 14d Is a graph 
of non-reciprocal phase shrfts with bias and feedback 
modulation. 

In general, the secondary loop demodulatk>n is 
given by the following combination of intensities ; 

«g«[(ii + U)-(t*i3)] 

where 6g = bias modulation gain error. 

FIG. 15a illustrates the interferometric transfer 
functk)n with the intensity operating points designated 
by small open circles, for a nulled Sagnac phase and 
a positive bias modulation gain error. Correction of the 
bias modulation enror will cause the intensity operat- 
ing points to shift, as shown in FIG. 15b. 

The detailed timing aspects of the bias modu- 
lation waveform of FIG. 8 for a positive bias modu- 
lation gain error are illustrated by FIGS. 16a through 
16e. FIG. 16a depicts a bias modulatton sequence 
witfi bias modulatton gain error. FIG. 16b lllusfrates 
the non-reciprocal phase shifts induced by the bias 
modulation sequence of FIG. 1 6a with gain error. FIG. 
16c shows the intensity output resulting from the 
phase shifts of RG. 16b. FIG. 16d shows the demod- 
ulation signal which may be used to extract the bias 
modulation gain error. FIG. 16e depicts bias modu- 
lation corrected for phase modulator gain error by 
adjustment of the differences between the bias modu- 
lation signal levels using the gain en'or extracted from 
the demodulation signal of FIG. 16d. 

In an analog embodiment, the sequencer would 
drive a set of demodulation switches which feed the 
intensity signals onto one of four RC networics. The 
first pair of RC networics would be used to differen- 
tially drive an operational amplifier whose output is 
proportk)nal to residual Sagnac phase enror. The 
otiier pair of RC networics would be used to differen- 
tially drive an ampliflerwhose output is proportional to 
residual bias modulation gain error. 

Feedback 

Thefunction of the servo controllers is to produce 
a feedback signal which will drive the input to the 



Gating and Demodulation 

40 

Demodulation may be realized by detection and 
processing of the intensity signal for each transit time 
To immediately following a bias modulation signal level 
transition. After tiie transit time to has elapsed, the 
phase at the photodetector goes reciprocal. The In- 45 
tensity signal should be gated out during this time. In 
general, the primary loop demodulation is given by the 
following combination of Intensities : 

?.«[(l2 + U)-(li + l3)] 
where so 
oc s Is proportional to 
^9 = Sagnac phase estimation error ; 

11 = Intensity measurement at operating point #1 
(phase bias = *3ti/2 radians) ; 

12 = intensify measurement at operating point #2 55 
(phase bias = -9c/2 radians) ; 

13 = intensity measurement at operating point #3 
(phase bias » n/2 radians) ; and 

14 = intensity measurement at operating point #4 
(phase bias = did! radians). 
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servo controDerto zero. In practice, the servo control- 
lers may consist of varied combinations of pro- 
portional and integral gain. In the analog embodiment, 
the primary and secondary control loop servo control- 
lers are each implemented with single integrators, 
thereby forming "type 1" servos. The residual Sagnac 
phase error drives an Integrator and the output Is fed 
back to the nnxlulation circuitry. (In practice, a diffe- 
rential amplifier and an integrator may be combined 
into a single device). Under nonmal operation, the 
closed loop will act to null the input to the integrator 
(primary loop control) and the output of the integrator 
becomes proportional to the Sagnac phase estimate. 
The residual bias modulation gain error is similariy 
integrated by an Integrator, and fed back to the modu- 
lation circuitry to adjust the reference signal for bias 
modulation (secondary loop control). The reference 
signal for bias modulation as Implemented in the 
analog embodiment represents the voltage step 
required to produce a lUZ non-reciprocal phase shift. 
To relate the feedback signal (voltage) to feedback 
phase shift, the reference signal for bias modulation 
must be inverted to give a measure of the norvredp- 
rocal phase shift produced by a step voltage change 
(phase modulation gain) and then multiplied by the 
feedback signal (voltage) to produce an estimate of 
feedback phase shift 

ideally, the voltage (step) required to produce a 
n/2 non-reciprocal phase shift is constant Since the 
inverse of this signal would also be constant the feed- 
back phase shift would be proportional to the feed- 
back signal (voltage). 

As a practical matter, the voltage step required to 
produce a n/2 non-redprocal phase shift wil vary 
slightly with time and environment The estimate of 
feedback phase required to null the Sagnac phase will 
vary accordingly with the inverse of this factor 

Since the inertlal rate estimate Is proportional to 
feedback phase, the action of the secondary loop may 
be viewed as a scale factor stabilization of tiie 
apparatus. 

An important variation of the analog embodiment 
from the block diagram of FIG. 2 Is that the secondary 
control loop feedback signal Is sampled before the 
summation Junctton 80 where the reference bias 
riKxiulation gain is summed with the second servo 
controller output 52. This allows a more precise 
measurement of the bias modulation gain estimate, 
since the bias nKXiulation reference gain is known by 
design and since all perturbations in the bias modu- 
lation gain estimate are reflected in the output of ti^e 
second servo 48. To form the bias modulation gain 
estimate In this Instance, the second seivo output 52 
is summed with a software version of the bias nrK)du- 
lation reference gain. Compensation of the feedback 
signal for phase nxKlulation gain variations Is other- 
wise the same as explained above. 



Sensor Output 

5 The voltage at the output of the primary loop 
servo in an analog Implementation may be buffered 
by an amplifier, and output as a simple analog output 
or prefiltered by a filter, and sampled via a quantizer 
or AID converter If a digital output was desired. The 

io voltage at the output of the secondary loop may be 
prefiltered by a second filter, and sampled by an A/D 
converter to correct scale factor digitally, or may 
otiierwise be used to connect scale factor error in the 
first output voltage in an analog fashion. 

IS 

Bias Modulation Step Transition Frequency 
Alternatives 

The modulation comprises applicatbn of a bias 
20 modulation signal and a feedback RK>dulation signal. 
The bias modulation consists of a predetermined 
sequence of periodic step signal transitions between 
two or more signal levels. The duration of time spent 
at each signal level is designated ^Abias modulation 
25 step transition frequency fo Is defined as fo = (2to)~i. 

FIG. 9 shows an example of a bias modulation 
wavefomn for bansitions between two signal levels. 
FIG. 10 shows three examples of bias modulation 
waveforms for transitions between four signal levels. 
30 in general, two to four signal levels will be the prefer- 
red configuration, since tiie complexity of ttie system 
will increase accordingly for larger numbers. 

An addittonal constraint on the bias modulation 
arises firom tiie non-reciprocal phase shift/signal Input 
35 transfer characteristic of the phase modulator. For 
proper operation, the bias modulation step transition 
frequency fo must not fall on even hanmonics of the 
proper firequency fp. That is, 

fg ^ 2kfp, where k « 0, 1 , 2, ... 
40 A detailed explanation is as follows : 

The non-reciprocal phase output^signal fre- 
quency input transfer function G(w) of a reciprocal 
phase nrK>dulator placed near one end of an optical 
circuit may be modelled as 
45 G(w) = Kc(1-Z-^) 

where Z ^ exp(sto), Xo - fiber transit time, and Kc = 
phase modulator gain. Then, 

G(w) = Z-i'2(Zi/2-z-i«) 
= Kcexp(-JWT^) [exp QmJ2) - exp(-jwTo/2)] 
60 = ICcexp(-jwto/2) [2j sin (wto/2)] 

I G(w} I =2Kc sin (wto/2) 
The gyro proper firequency fp Is defined as 1/2to. In 
tenmsofw: 

WpS5 2ltfp 

55 Wp = «/t« 

G(w) = 2KcSin[^)n(w/Wp)] 
The magnitude of this b^nsfer function is shown 
in FIG. 1 1 , where it can be seen til at the fransfer func- 
tion has zero gain at even hannonlcs of the proper fre- 
quency. WKh tiie modulation method of the present 
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invention, the bias and feedback signals must avoid 
these frequencies. 

Since the feedback hannonlcs will always fall on 5 
even hanmonics of the bias modulation step transition 
frequency, then, the bias modulatbn step transition 
frequency should not fall on any even harmonic of the 
proper frequency. 

The feedback frequencies are given by io 
fpn = nfoi where n - 1, 2, 3, ... 
In FIGS. 12a and 12b some examples of feedback 
wavefbmis are shown which meet the requirements of 
this definition. The waveform shown is FIG. 12a is the 
preferred wavefonm ; the wavefoms shown in FIG is 
12b are acceptable alternatives. 

The following section describes in functional 
temos an implementation of the phase modulation 
method with analog loop closure. 

20 

Digital Reference Signal Generator Circuit 
Description 

This assembly consists of a 2KX 16 RAM and an 
1 1-bit address register/counter which Is used to store 25 
and sequence the test patterns. 

The bias modulation step frequent, as dictated 
by the length of fiber in the gyro, is configured by pre- 
setting an 8-bit free-running counter and reloading 
with the preset value on the counter overflow. 30 

The range of modulation frequency is from 0\M2 
to CLK/256, where CLK Is the frequency of the input 
dock to the digital reference signa) generator 72. The 
dockfrequency in the present embodiment is 20 MHz. 

The sampling of the results of the modulation is as 
accomplished by presetting a 4-blt clock-controlled 
counter and reloading with the present value on over- 
flow. The duration of the sample period is betwen 
1/GLK and 16/CLIC During the sample period, selec- 
ted switches in the analog circuitry are dosed, allow- 40 
ing the demodulated signal to be routed to a low-pass 
fDter network. The start of the sample can be delayed 
from the start of the modulation by the sample delay 
counter. The sample delay counter Is a 4-bit dock- 
controlled counter which is preset and then reloaded 45 
with the present value on the counter overflow. The 
duratk>n of the delay is greater than 1/CLK and less 
than 16/CLK. 

Operation of Digital Reference Signal Generator so 

Initialization of the digital reference signal 
generator 72 Is perfomied at "power on." A microp* 
rocessor loads timing values for the bias modulation 
step frequency In an 8-blts latch (U56) and sample 55 
and delay times In an &-blt latch (U58). 

The microprocessor loads the RAM (U65 and 
U66} with the test patterns. Addresses for RAM are 
routed through digital MUXs (U70, U72 and U74) and 
data for the RAM are routed through octal buffers 



(U62and U67). 

Upon completion SEQ* is set low and the digital 
reference signal generator 72 becomes operational. 

Digital Reference Signal Generator Timing 
Generation 

Modulation frequency counters (U57 and U95) 
start counting up. On overflow, a signal (MODFREQ) 
Is generated. MODFREQ reloads the bias modulation 
step frequency counter and sets the count enable 
latch (1161) for the sample delay counter. When the 
sample delay counter overflows, it reloads itself with 
the preset value, resets its count enable latch, and 
sets the count enable for the sample counter fomning 
the signal SAMPLE. When the sample counter over- 
flows, it reloads Itself and resets the count enable 
latch making SAMPLE a logic low. This completes a 
single cyde of the free-running sequencer timing gen- 
eration. 

Pattern Generation 

The RAM (U65 and U66) which contains the test 
pattern is addressed by address countere (U69, U71 
and U73) via MUXs (U70, U72, and U74). The 
address counter is incremented when signal MOD- 
FREQ is generated. 

The contente of the RAM are loaded into the des- 
kewing latches U63 and U68. Four outputs of the des- 
kewing latches are ANDed with sample and then 
routed to the demodulation circuit of the analog board. 
Four of the deskewing latch outputs are routed to the 
modulation circuit of the analog board. Three of these 
control the bias modulation switches and the fourth 
controls the feedback modulation. One output of the 
deskewing latch is routed back to the address coun- 
tere to load and restart a new cyde. 

FIG. 6 Is a schematic diagram of an electrical cir- 
cuit representing a possible analog embodiment of 
the reference signal source 78, the reference sunrv 
ming Junction BO. the bias modulator 54, the feedback 
modulator 62, the modulation summing Junction 70. 
and the third and fourth signal modification means 86 
and 100 as diagrammed in FIG. 2. 

Phase Modulator Circuit Description 

This group of electronic circuits produces the 
composite signal needed to drive the phase mod- 
ulator. It produces the i^2, -tUZ, i'3fi/2, and -ZjUl 
optical phase-shift steps and the feedback modu- 
lation to null Sagnacnnduced phase shifts. To perform 
these tasks, (digital) controls from the digital refer- 
ence signal generator 72 and analog signals from the 
demodulator are required. The analog Sagnac phase 
nulling and bias modulation gain compensation sig- 
nals are products of the electronic servomechanism. 
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A precision varlable^rrent source establishes 
the average value for each n/2 step. Precision refer- 
ence 78 to predsion resistors R37 and Rag establishes 
nominal step. DELTA— LAMBDA 48 summed thiough 
Ras nonnalizes the scale fector. Duplicated cun-ent 
stages yield three required nJ2 phase shift steps. 
Commutating negates efTeds of current source mis- 
matches. Logic signals switch shunt transistors Qd, 
Q4, and Qs to activate and deactivate current sources. 

Sagnac phase shift nulling is accomplished by 
scaling and switching OMEGA, producing the (i- and 
-) steps to null the Sagnac phase shift for one transit 
period, Tq. A closed switch in the feedbacic circuit conrv 
pensatBS for switch resistance. The dc bias on the sig- 
nal has non effect Switching between OMEGA and 
ground is the same as switching between i-OMEGA/2 
and -OMEGA/2. A high-speed current-feedback 
amplifier buffers the modulator output to drive the 
phase modulator and provides gain matching. 

Demodulator Circuit Description 

The fiber optic gyro's intensity output 24 feeds a 
2404-type photodetector. A UA733 video amplifier 
increases this signal. Converting from drfferential to 
single-ended is done by a current-feedback high- 
speed amplifier. 

Parallel gain stages are a precaution to isolate 
from possible denxxlulator-switch-induced crosstalk 
between the fiast (prinoary or OMEGA) and the slow 
(secondary or DELTA— LAMBDA) servo loops. 

Except for switch timing and time constants, the 
fast 44 (OMEGA) and slow 46 (DELTA--LAMBDA) 
circuits are alike. Logic signals firom the digital refer- 
ence signal generator (sequencer 72) dose the 
appropriate switch when the signal representing 
+OMEGA, -OMEGA, ♦DELTA--LAMBDA. and -DEL- 
TA-LAMBDA Is present Outputs of the -IOMEGA 
and the -OMEGA demodu!atk)n switches go through 
low-pass filters to a differential integrator operational 
amplrTier circuit This signal, which represents esti- 
mated Sagnac phase, feeds the modulator drcuit des- 
cribed above, and the system A/D converter used to 
digitize the estimate ; The DELTA—IAMBDA demod- 
ulator 40 and integrator 48 are similar circuits, control- 
ling bias modulation gain used in compensating scale 
factor. 

Referring to FIG. 6, a detailed electrical schema- 
tic diagram of a particular embodiment of the phase 
modulation portion of FIG. 2 may be seen. A precision 
(10 Volt) referance 80 is applied to resistors R37 and 
R38, and a variable (control) voltage 48 is applied to 
resistor Rd6. A feedback current comes from the left 
(A) cdlectorof dual transistor Q1. The summing node 
R35-R37*Q1 is servoed to null by the preciston 
(OP27) amplifier's adjusting transistor Q-1 As collec- 
tor current via resistor R37. In controlling the Q1-A 
cdlector current, Gke currents are made available at 



Q1-B, Q2-A. and/or Q2-B ON/OFF. Logic high(s) tum 
03, 04, and/or 05 ON, biasing Q1-B, Q2-A, and/or 

5 Q2-B OFF. Logic low(5) tum Q3, 04, and/or 05 OFF, 
gating Q1-B, Q2-A, and/or Q2-B collector cunrent(s) 
ON. Resistors sum, shift, and attenuate logic levels to 
drive the selected base (s) high/low witii respect to 
ground. The resulting levels reduce spiking, but are 

10 adequate for precise switching. Current levels thus 
gated into resistor R55 generate output drive levels. 
Amplifier U1 1 provides gain matching and buffering to 
drive the phase modulator. OMEGA Is tiie rate feed- 
back signal 74. Under control of digital reference sig- 

IS nal generator 72, two analog switches aitemate 
connection of OP amp U14 between OMEGA and 
ground. This yields ttie required rate feedback signal 
to R69 of tiie phase modulator. Powersupply lines are 
R-C decoupled from tiie main supply to prevent ext- 

20 raneous modulation signals from entering and/or 
leaving tiie phase nrK)dulator. 

FIG. 7 is a schematic diagram of an electrical cir- 
cuit representing a possible embodiment of photo- 
detector 20, demodulators 38 and 40, and servo 

25 controllers 44 and 48 as diagrammed in FIG. 2. A 
2404 photodetector/preampllfter converts light inten- 
sity to an electrical signal. The output of the photo- 
detector Is coupled to a UA733 wideband video 
amplifier for further amplification. Compensation of 

30 the frequency response of the photodetector is pro- 
vided by an RC network. The video amplifier has a dif- 
ferential output which is AC-coupled to a CL401 
configured as a difference amplifier, where it Is further 
amplified and becomes single ended. Parallel 

3d (EL2020) amplifier stages give added gain and 
reduce possible demodulator crosstalk. The intensity 
signal at these EL2020 amplifier outputs settles to a 
valid condition after switching transients die out The 
signal remains valid for tiie transit time of the rotation 

40 sensor minus the modulation settling time. Approp- 
riate demodulator switch closure is selected by digital 
command (1214, 1114 OR 1213). During tills period the 
capacitor charges toward the intensify voltage at a 
time constant set by 0.01 ^Fd times (200 R«wRdi)- 

45 The difference voltage between the upper two 0.01 
^Fd capacitors is integrated to provide the OMEGA 
rate feedback signal 42. The voltage difference be- 
tween tiie lower two 0.01 (iFd capacitor is integrated 
to provide the DELTA— LAMBDA gain control signal 

so 52. The OMEGA signal is used in processing system 
dynamic data. This high-speed integrator 44 has a 
time constant which is dictated by performance 
requirements. Developmental hardware has a 
bandwitti of several hundred Hertz. The bandwitii 

55 requirement of the DELTA—IAMBDA control loop 46 
is much lower. It has an integral gain time constant 
which is orders of magnitode longer. Power supply 
leads are RC decoupled from the main supply to 
attenuate any contamination or s'^nals by various 
noise sources. 
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The phase modulation intensity demoduiation, 
and control apparatus disclosed above in accordance 
with the invention possesses the following intrinsic s 
advantages : 

(1) Closed-loop operation is possible, with Its 
associated scale factor stability. 

(2) A secondary control loop Is Included for phase 
modulator gain stabilization. io 

(3) Digital closing of control loops for enhanced 
resolution and dynamic range Is feasible. 

The phase modulation, Intensity demodulation, 
and control apparatus disclosed above in accordance 
with the invention possesses the following oompara- 15 
tive advantages : 

(1) Less hardware than in other methods Is 
required for short fiber length gyros. 

(2) The intensity signal can be better AC-coupied 
than In the case of direct digital feedback 20 
methods, thereby decreasing sensitivity of the 
system to electronic voltage ofi^ets and enhanc- 
ing bias stability. 

(3) No roll-over or signal saturation problems 
exist, as they do in serrodyne methods. 25 
The above-described embodiments are fumlshed 

as illustrative of the principles of the invention, and are 
not intended to define the only embodiment possible 
In accordance with our teaching. Rather, the invention 
is to be considered as encompassing not only the 30 
specific embodiments shown, but also any others fal- 
ling within the scope of the claims. 

Prefenred independent features of the apparatus 
according to this invention are that : 

(1) each signal modification means comprises 35 
means for changing the ratio of the amplitude of 

the output signal to the ampllhjde of the input sig- 
nal ; 

(2) each of the first and fourth signal modification 
mean further comprises buffering means for buf- 40 
fedng the input signal from the output signal 

(3) The fffst signal modification means comprises 
analog-to-digital conversion means for convert- 
ing the input signal into a digital output signal ; 

(4) The second signal modification means com- 4S 
prises filtering means for filtering the input signal 

to produce a filtered output signal ; 

(5) The third signal modification means comprises 
filtering means for filtering the input signal to pro- 
duce a filtered output signal ; so 

(6) The fourth signal modification means com- 
prises digital-to-analog conversion means for 
converting the input signals to an analog output 
signal ; 

(7) The first and second servo controller means 55 
comprise analog electronics ; 

(8) The first and second ser^o controller means 
comprise digital electronics ; 

(9) The reference summing junction means and 
the modulation summing Junction means each 

11 



comprise a summing amplifier ; 

(10) The reference summing junction means and 
the nruxfuiation summing Junction means each 
comprise an analog equivalent of a summing 
amplifier ; 

(1 1 ) The reference summing junction means and 
the nrKxiulation summing Junction means each 
comprise digital electronics ; 

(12) The first and second demodulation means 
comprise analog switching denrK)dulation elec- 
tronics; 

(13) The first and second denr^odulation means 
comprise digital demodulation electronics ; 

(14) The bias modulation means and the feed- 
back modulation means corriprlse choppper-ba- 
sed circuitry ; 

(15) The bias modulation means comprises an 
analog equivalent of chopper-based circuitry pro- 
viding multi state signal transitions ; 

(16) The feedback modulatk)n means comprises 
an analog equivalent of chopper-based circuitry 
providing an amplitude-nfK>dulated square wave 
output. 

(17) The bias modulation means and the feed- 
back modulation means comprise digital circuitry. 
Prefenred Independent features of the method In 

accordance with the present Invention are that : 

(1) The operating on the Intensity Interference 
signal and on the summed modulation signal 
comprises buffering each said signal ; 

(2) The operating on the intensity Interference 
signal comprises converting the s^nal from 
analog to digital form ; 

(3) The operating on the second portbn of the 
summed bias modulation gain servo control sig- 
nal comprises filtering the signal ; 

(4) The operating on the second portbn of the 
phase servo control signal comprises filtering the 
signal ; 

(5) The operating on the summed modulation sig- 
nals comprises converting the signal from digital 
to analog fomn ; 

(6) The controlling comprises controlling with 
analog electronics ; 

(7) The summing comprises analog summing ; 

(8) The generating of the digital reference signal 
comprises sequencing a memory ; 

(9) The demodulating comprises analog elec- 
tronic switching ; 

(10) The demodulating comprises digital elec- 
tronic demodulating ; 

(11) The producing of the bias modulation signal 
and the feedback modulation signal comprises 
producing said signals with chopper-based cir- 
cuitry ; 

(12) The producing of the bias modulation signal 
comprises producing the signal with an analog 
equhmlent of chopper-based circuitry providing 
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multi-state signal transitions ; 

(13) The producing of the feedback modulation 
signal comprises producing the signal with an 
analog equivalent of chopper-based circuitry pro- 
viding an amplitude-nKxlulated square wave out- 
put; 

(14) The producing of the bias modulation signal 
and the feedback modulation signal comprises 
producing the signals with digital circuitry ; 

(15) The method further comprises producing the 
bias modulation signal from high-speed switching 
circuitry; 

(16) Themethod includes producing the feedback 
modulatton signal using chopper-based switching 
circuitry. 



Claims 

1. Apparatus for phase modulation, intensity 
demodulatk>n. and control of a rotation-sensing 
interferometer, sakl interferometer including 
means (20) for producing an intensity interfer- 
ence eiectrk:al signal representing the intensity 
interference t)etween first and second lightwaves 
counterpropagating around a closed light path 
(16), and further Including reciprocal phase 
modulation means (18) near one end of said 
dosed light path for modulating the phase of said 
lightwaves, comprising : 

bias modulation means (54) for producing 
a bias modulation signal consisting of a periodic 
sequence of step signal transitions t>etween at 
least two signal levels, said bias modulation sig- 
nal having a step fa^nsition frequency that does 
not lie on even hamnonics of tiie frequency (2To) 
to the power -1 where To is the tone required for 
light travel onoe around said closed light patti, 
said bias nxxiulation means being electrically 
coupled to said means for producing an intensi^ 
interference electrical signal and having an out- 
put ; and 

feedback modulation means (62) for pro- 
ducing a feedback modulation signal consisting 
of a periodic amplitude-modulated square wave 
having spectral components at harmonics of tiie 
bias modulation signal step transition frequency, 
said feedt)ack modulation means being electri- 
cally coupled to sakl means for producing an in- 
tensity interference electrical signal and having 
an output 

Z Apparatus according to daim 1 further compris- 
ing: 

means (70) for summing said bias modu- 
lation signal and said feedback modulation signal 
to produce a sumnried modulation signal, having 
first and second inputs electrically connected to 



said outputs of said bias modulation means (54) 
and said feedback modulation means (62), re- 

5 spectively. and having an output ; and 

means (100) for applying said summed 
modulation signal to said reciprocal phase modu- 
lation means, having an input electrically connec- 
ted to said output of said means for summing. 

10 operatively connected to said redprocal phase 
modulation means. 

3. Apparatus according to Claim 1 or 2 furtfier com- 
prising : 

IS dennodulation means (38,40) for demod- 

ulating said intensity interference signal, electri- 
cally coupled to said means for producing an 
intensity interference electrical signal and having 
an output ; 

20 first servo means (44) for generating a 

Sagnac phase estimate signal, having an Input 
electrically connected to said output of said 
demodulation means and having an output elec- 
trically connected to an Input of said feedback 

25 modulation means (62) ; 

second servo means (48) for conrecting for 
gain variation in said phase modulation means,, 
having an input from said demodulation means 
and an output electrically connected to an input of 

30 said bias nrK)dulation means (54) ; and 

means (94) for extracting said Sagnac 
phase estimate signal to provide an estimate of 
Inertial rotation of said dosed light path, opera- 
tively connected to said first servo means. 

$5 

4. Apparatus for phase modulation, intensify 
demodulation, and control of a rotation-sensing 
interferometer, said interferometer Induding 
means (20) for producing an intensity interfer- 

40 ence electrical signal representing the intensify 
interference between first and second lightwaves 
counterpropagating around a dosed light patii 
(16) and further induding reciprocal phase modu- 
lation means (18) near one end of sakl dosed 

45 light path for modulating the phase of said tight- 
waves, comprising : 

first signal modification means (30) for 
operating on said intensify interference signal fed 
into an input thereof to produce a nKxlified output 

so signal at first and second outputs ttiereof ; 

bias nKxlulatbn means (54) for producing 
a bias modulation signal, having first and second 
inputs and an output ; 

feedback nrK)dulatk>n means (62) for pro- 

55 ducing a feedback modulation signal, having first 
and second inputs and an output ; 

first demodulation means (38) for remov- 
ing a phase servo errorsignal from an input signal 
to a first input from said first output of said first sig- 
nal modification means (30), said first demodu- 
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lation means having a second input ,and an out- 
put at which said phase servo enror signal ap- 
pears ; 5 

second denfK>duIatlon means (40) for 
removing a bias modulation gain servo error sig- 
nal from an input signal to a first input from said 
second output of said first signal modification 
means (30), said second demodulation means io 
having a second input and an output at which said 
bias modulation gain servo error signal appears ; 

a reference summing Junction means (80) 
for summing signals fed info first and second 
inputs thereof to produce a summed signal at an is 
output thereof, a first portion of said summed sig- 
nal being sentto said firstinput of said bias modu- 
lation means (54) ; 

a reference signal source means (78) for 
producing a reference signal, having an output 20 
connected to said second input of said reference 
summing Junction means (80) ; 

a first servo controller means (44) for con- 
trolling said feedback modulation means (62), 
having an input connected to said output of said 2$ 
first demodulator means (38), and an output con- 
nected to said feedbacic modulation means (62) ; 

a second servo controller means (48) for 
controlling said bias modulation means, having 
an Input connected to said output of said second $0 
demodulator means (40), and an output connec- 
ted to said first input of said reference summing 
junction means (80) ; 

digital reference signal generation means 
(72) for generating a plurality of different digital as 
reference signals, having a first modulation refer- 
ence output connected to said second Input of 
said bias modulation means (54), a second 
modulation reference output connected to said 
second Input of said feedbacie modulation means 40 
(62), a first demodulation referecne output con- 
nected to said second input of said first demodu- 
lation means (38), and a second demodulation 
reference output connected to said second input 
of said second demodulation means (40) ; 4S 

phase nrK)dulator gain compensation 
means (88) for multiplying first and second input 
signals, having first and second Inputs Into which 
said Input signals are fed, respectively, and an 
output ; so 

inverter means (87) for inverting an input 
signal applied to an Input thereof, providing an 
inverted signal at an output thereof connected to 
said second Input of said phase RKxIulator gain 
compensation means (88) ; 85 

second signal modification means (84) for 
operating on an input signal fed Into an input 
thereof firom said output of said reference sunrv 
mlng Junction means (80) to produce a modified 
signal at said Input of said inverter means (87) ; 



third signal modification means (86) for 
operating on an input signal from said output of 
said first servo controller means (44) fed Into an 
input thereof to produce a modified output signal 
at an output thereof connected to said first Input 
of said phase modulator gain compensation 
means (88) ; 

a modulation summing junction means 
(70) for summing signals fed Into first and second 
Inputs thereof from said outputs of said feedback 
modulation means (62) and said bias modulation 
means (54), respectively, to produce a summed 
phase modulation drive signal at an output 
thereof ; and 

fourth signal modification means (100) for 
modifying an Input signal at an Input thereof to 
which said summed phase rrKxiulation drive sig- 
nal from said output of said rrxxiulatton summing 
Junction means (70) Is fed to produce a modified 
signal at an output connected to an input of said 
phase modulation means (18). 

5. Apparatus according to claim 4 wherein said 
means (54) for producing a bias modulation sig- 
nal comprises means for producing a signal con- 
sisting of a periodic sequence of step signal 
transitions between at least two signal levels. 

6. Apparatus according to claim 4 or 5 wherein said 
means (62) for producing a feedback modulation 
signal comprises means for producing a signal 
consisting of a periodic amplitude-modulated 
square wave. 

7. Apparatus according to Claim 4, 5 or 6 wherein 
said means (62) for producing said feedback 
modulation signal comprises means for produc- 
ing a feedback modulation signal having spectral 
components at hannonics of said step transition 
frequency of said bias modulation signal, and the 
power in said feedback signal is distributed over 
frequendes other than even hannrK3nics of a fre- 
quency equal to 1/2To where To is the time 
required for light to travel around said closed light 
path. 

8. Apparatus according to claim 4, 5, 6 or 7 wherein 
said digital reference signal generator means 
(72) comprises a oounter-sequenced memory. 

9. Apparatus according to any previous claim whe- 
rein the means (54) for producing a bias modifi- 
cation signal produces a signal for which the 
difference between any two adjacent levels in 
said periodic sequence of step signal transitions 
corresponds to a phase difference between said 
lightwaves on said closed light path of approxlnv 
ately r/2 radians, and transitions from one said 
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level to another introduce instantaneous non- 
receprocal phase shifts between said first and 
second counterpropagating lightwaves of •37c/2, - 5 
id2, -Hi^ or^Zrdl radians. 

10. Apparatus according to any previous daim whe- 
rein said means (54) for producing said bias 
modulation signal comprises means for produc- io 
ing a bias nxHlulation signal wavefonm consisting 

of a periodic sequence of step signal transitions 
between a first signal level and a second signal 
level. 

15 

11. Apparatus according to any previous claim, whe- 
rein said bias modulation signal has a waveform 
consisting of a periodic sequence of step signal 
transitions between first, second, and third signal 
levels. 20 

12. Apparatus according to any previous daim whe- 
rein said bias modulation signal has a step tran- 
sition frequency of fo - (to)~^ where to is a duration 

of time spent at each said signal level in said 25 
periodic sequence. 

13. Apparatus according to any previous daim whe- 
rein said bias modulation signal has a waveform 
consisting of a periodic sequence of step signal so 
transitions between first, second, third, and fourth 
signal levels. 

14. A method of controlling a rotation-sensing inter- 
ferometer, said interferometer including means 35 
(20) for produdng an intensity interference elec- 
trical signal representing the intensi^ interfer- 
ence between first and second lightwaves 
counterpropagating around a dosed light path 
(16), and further induding redprocai phase 40 
modulation means (18) near one end of said 
dosed light path for modulating the phase of said 
lightwaves, that indudes the steps of : 

produdng a bias nr^odulatlon signal com- 
prising a periodic sequence of step signal transi- 4S 
tions between at least two signal levels, said bias 
modulation signal having a step transib'on fre- 
quency that does not lie on even harmonics of the 
frequency {^^^-^ where To is the time required for 
light to travel once around said dosed light path; so 
and 

producing a feedback modulation signal 
comprising a periodic amplitude-modulated 
square wave having spectral components at har- 
monics of the bias modulation signal step transi- 55 
tion frequency. 

15. A method according to daim 14 further compris- 
ing summing said bias modulation signal and said 
feedback modulation signal to produce a sum- 



med modulation signal, and applying said sum- 
med modulation signal to said phase modulation 

means. 

16. A method according to daim 14 or 15further com- 
prising : 

demodulating said intensity interference 
signal ; generating a Sagnac phase estimate sig- 
nal; 

conrecting for gain variation in saM phase 
modulation means ; and 

extracting said Sagnac phase estimate 
signal to provide an estimate of inerfial rotation of 
said dosed light path. 

17. A metfiod of phase nKxlulatton. intensity demod- 
ulation, and control of a rotation-sensing Inter- 
ferometer, said interferometer induding means 
(60) for producing an intensity Interference signal 
representing the intensity interference between 
first and second lightwaves counterpropagating 
around a dosed light path (1 6), and further indud- 
ing reciprocal phase modulation means (18) near 
one end of said closed light path for modulating 
the phase of said lightwaves, comprising : 

operating on said intensity interference 
signal to produce a modified intensify interfer- 
ence signal ; 

produdng a bias nfK)dulation signal with a 
bias modulation means (54) ; 

produdng a feedback nrxxlulation signal 
with a feedback nrK>dulation signal means (62) ; 

demodulating a phase ser^o error signal 
witii a first demodulation means (38) from said 
modified intensity interference electrical signal ; 

' demodulating a bias modulatton gain 
servo error signal with a second demodulation 
means (40) from said ntodrRed intensity interfer- 
ence signal ; 

operating on said phase sen^o en'or signal 
with a phase servo controller (44,48) to generate 
a phase servo control signal ; 

producing a gain reference signal ; 

operating on said bias modulation gain 
servo error signal with a bias modulation gain 
servo controller (44,48) to generate a bias modu- 
lation gain servo control signal ; 

summing said bias modulation gain servo 
control signal and said gain reference signal to 
produce a summed bias modulation gain servo 
control signal ; 

generating first and second modulation 
reference signals and first and second demodu- 
lation reference signals ; 

controlling said bias modulation means 
(54) by applying a first portion of said summed 
bias modulation gain servo control signal to afirst 
Input of saM bias nrKxlulation means (54) and 
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applying said first modulation reference signal to 
a second Input of said bias modulation means 
(54); 

controlling said feedback modutadon 
means (62) by applying a first portion of said 
phase servo control signal to a first Input of said 
feedback modulation means (62) and applying 
said second modulation reference to a second 
Input of said feedback modulation means (62) ; 

operating on a second portion of said sum- 
med bias modulation gain servo control signal to 
produce a modified summed bias modulation 
gain servo control signal ; 

operating on a second portion of said 
phase servo control signal to produce a modified 
phase servo control signal ; 

inverting said bias modulation gain servo 
control signal to produce an estimated phase 
modulator gain signal ; 

multiplying said phase modulator gain sig- 
nal and said modified phase servo control signal 
to produce a rotation rate estimate signal ; 

summing said bias modulation signal and 
said feedback modulation signal to produce a 
summed modulation signal ; 

operating on said summed modulation sig- 
nal to produce a modified summed modulation 
signal ; and 

applying said modified summed modu- 
lation signal to said phase modulation means 
(18). 

18. A method according to daim 17 wherein produo* 
ing said bias modulation signal comprises pro- 
ducing a signal consisting of a periodic sequence 
of step signal transitions between at least two sig- 
nal levels. 

19. A method according to daim 17 or 18 wherein 
produdng said feedback modulation signal com- 
prises producing a signal consisting of a periodic 
amplitude-modulated square wave. 

20. A method according to daim 18 or 19 wherein 
producing said feedback modulation signal conv 
prises producing a signal having spectral compo- 
nents at hamionics of said step transition 
frequency of said bias modulation signal, and the 
power in sakl feedback nnodulation signal is dis- 
tributed over frequencies other than even har- 
monics of a frequency equal to iy2To. where is 
the time required for light to travel around said 
dosed light path. 

21. A method according to any of daims 14 to 20, 
wherein producing siad bias modulation signal 
comprises producing a signal having a step tran- 
sition firequency of fo {i^jr^, yAiere t^ is a duration 



of time spent at each said signal level in said 
periodic sequence. 

5 

22. A method according to any of claims 14 to 21 
wherein producing said bias modulation signal 
comprises producing a signal in which the differ- 
ence between any two adjacent levels in siad 

10 periodic sequence of step signal transitions cor- 
responds to a phase differene of n/2 radians, and 
transitions from one said level to another Intro* 
duce instantaneous nonHreclprocal phase shifts 
between said first and second counterpropagat- 

16 Ing lightwaves of -3ic/2, -n/2, -1^2, or •f-37c/2 
radians. 

23. A method according to any of claims 14 to 22 
wherein producing said bias modulation signal 

20 comprises producing a bias modulation signal 
wavefonfn consisting of a periodic sequence of 
step signal transitions between a first signal level 
and a second signal level. 

25 24. A method according to daim 23 wherein produc- 
ing said bias modulation signal comprises pro- 
ducing a signal having a wavefomi consisting of 
a periodic sequence of step signal transitions be- 
tween first, second, and third signal levels. 

30 

25. A method according to daim 24, wherein produc- 
ing said bias modulation signal comprises pro- 
ducing a signal having a wavefonm consisting of 
a periodic sequence of step signal transitions be- 

35 tween first second, third, andfourth signal levels. 

26. A method according to any of claims 14 to 25 
further comprising extracting a Sagnac phase 
estimate signal from said feedback modulation 

40 signal to provide an estimate of inertia! rotation of 
said dosed light path. 
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